Inoculation of cowpea protoplasts with purified middle component of cowpea mosaic virus (CPMV) did not result in the production of newly induced virusrelated proteins. In contrast, infection of protoplasts with purified bottom component produced virus-related polypeptides with tool. wt. I7ox IO 3, i i2x io s, i to x io 3, 84 x lo 3 and 30 x io ~, but not the virus capsid proteins. These results suggest that CPMV B-RNA specifies one or more early functions, one of which is the replicase function, while M-RNA encodes the virus coat proteins. Attempts to elucidate the mechanism by which the virus-specific proteins are synthesized were inconclusive. No precursor-product relations could be demonstrated and virus subgenomic messengers were not observed. Some kind of processing was nonetheless found to occur with the small virus capsid protein: several discrete oligopeptides were successively cleaved from this protein after assembly into the virion particle.
INTRODUCTION
In the preceding paper (Rottier et al. 198o) it was demonstrated that, in cowpea mesophyll protoplasts infected with cowpea mosaic virus (CPMV), I I proteins are synthesized which either do not occur in healthy cells or are synthesized in much lower amounts. Among these proteins three with mol. wt. 37 x io a, 24 x io a and 23 x io a could be identified as virus coat proteins; two others with mol. wt. I7O x io a and 3 ° x io 3 appeared also to be virus-specific and encoded by the B component of CPMV.
As the sum of the mol. wt. of the I I proteins characteristic of CPMV-infected protoplasts exceeds by far the coding capacity of the CPMV RNAs, some of the proteins may be specified by the host. The possibility of the induction of synthesis of host proteins after CPMV infection is supported by the finding that the multiplication of CPMV RNA is inhibited by actinomycin D (R0ttier et al. 1979) , indicating the need for~some host function(s) for virus replication. On the other hand, CPMV RNAs may be translated into large precursor polypeptides from which different virus-specific proteins arise by processing of the precursor. This possibility is suggested by the results of in vitro translation experiments with CPMV RNAs. In cell-free protein-synthesizing systems derived from wheat germ (Davies et al. I977) and rabbit reticulocytes (Pelham & Jackson, I976; Pelham & Stuik, 1977) M-RNA of CPMV produces two polypeptides with mol. wt. of to5 x Io a and 95 x xo 3 and * Present address: Institute of Virology, Veterinary Faculty, State University, Yalelaan I, Utrecht, The Netherlands.
oo22-1317/80/0OOO-4158 $02.00 ~) 1980 SGM B-RNA produces I7O × lO 3 and 3 ° × Io 3 mol. wt. polypeptides. Recently, it was shown by Pelham (1979) that the primary translation product of B-RNA in the reticulocyte cell-free system, is a 2oo x io 3 mol. wt. protein which is cleaved into I7O × IO 3 and 3 ° × lO a tool wt. polypeptides. One of these latter polypeptides appeared to effect the cleavage of the 105 × 1 o 3 and 95 x io 3 mol. wt. proteins produced in vitro by M-RNA. In neither in vitro system are the capsid proteins of CPMV synthesized. These results suggest that in vivo the virus coat proteins may arise by processing from a precursor protein. Alternatively, the synthesis of the coat proteins may be mediated by subgenomic messenger RNAs generated only in vivo during virus multiplication.
Since the in vitro results described by Pelham (1979) leave several questions on the strategy of CPMV translation in vivo unanswered, we have studied the proteins synthesized in cowpea protoplasts infected with separate bottom and middle components and we report some attempts to demonstrate processing of precursor proteins or the occurrence of subgenomic virus messenger RNAs.
METHODS

Materials.
The amino acid analogue, DL-p-fluorophenylalanine (PFP), the protease inhibitors, L-I-tosylamide-2-phenylethylchloromethyl ketone (TPCK) and N-~-p-tosyl-Llysine chloromethyl ketone hydrochloride (TLCK) and the sugar analogue, 2-deoxy-Dglucose (grade III), were purchased from Sigma, St. Louis, Mo., U.S.A. Oligo(dT)-cellulose type 7 was obtained from P-L Biochemicals, Milwaukee, Wis., U.S.A. and protein ASepharose CL-4 B was from Pharmacia, Uppsala, Sweden. Products of in vitro translation of CPMV RNAs (SB strain) were kindly donated by Drs J. W. Davies, R. Goldbach and E. Stuik. Preparation, inoculation and culture of protoplasts. Protoplasts were prepared from Vigna unguiculata (L.) Walp. var. ' Blackeye Early Ramshorn', inoculated with CPMV (SB strain), incubated for virus multiplication, fractionated and proteins from fractions gel electrophoresed as described in the previous paper (Rottier et al. I98O) . For labelling with s~PO4 the incubation medium was replaced by a phosphate-deficient medium I h before the addition of 3zP-labelled phosphate (8o/zCi/ml; New England Nuclear, Boston, Mass., U.S.A.).
Purification of CPMV components. Middle and bottom components of CPMV were prepared by sucrose density-gradient centrifugation of purified virus in a Ti-I5 zonal rotor (Beckman) using 15 to 3o% (w/w) linear sucrose gradients essentially as described by De Jager (I978).
Preparation and electrophoresis of proteins. Proteins were prepared and analysed as described by Rottier et al. (I98O) .
Isolation, oligo(dT)-cellulose chromatography and polyacrylamide gel electrophoresis of RNA. RNA from 3~PO4-1abelled protop!asts was isolated essentially as described by Glisin et al. (I974) . To a frozen protoplast pellet, 3 ml dissociation buffer (0.05 M-tris-HC1, o.I M-NaCI, o.oI M-EDTA, 2% sodium lauryl sarcosinate, 1% sodium deoxycholate, 2~o sodium p-aminosalicylate, o. 5 % disodium triisopropylnaphthalene sulphonate, pH 8.2) and 3 g solid CsC1 were added. The sample was briefly mixed on a Vortex and heated for 5 min at 65 °C. The solution was then layered on to 1.2 ml 5"7 M-CsCI, 0.o2 M-tris-HC1, o.I M-EDTA (pH 8-2) in a polyallomer tube and centrifuged for 2o h at 35o00 rev/min and I8 °C in a Beckman SW5o. I rotor. The RNA pellet was dissolved in 0"4 ml o. 
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* Preparations of M-and B-component of CPMV were assayed for infectivity directly on six French bean cv. Pinto half leaves either separately or in combination. Alternatively, samples of protoplasts were inoculated with the separate components (7 ttg/ml) or with a mixture of the two (both 7 ,ug/ml) and infectivity generated during a 24 h incubation period was determined by local lesion assay of protoplast homogenates. The results are expressed as percentages of local lesions relative to the inoculum containing both components.
t Similar samples of protoplasts were incubated and labelled with 35S-methionine (30 aCi/ml) from I5 to 25 h after inoculation. Radioactivity immunoprecipitable with anti-CPMV serum from I5/tl samples of 3o0oo g supernatant fractions prepared from the protoplasts was measured. Figures in parentheses represent the percentage of asS-methionine in the immunoprecipitates calculated with reference to the sample from protoplasts inoculated with the mixture of both components.
carried out according to Pemberton et al. (I975) . RNA was analysed by electrophoresis in 2"7~ polyacrylamide slab gels (I5X I1 xo.2cm) at I6oV as described by Peacock & Dingman (1968) . Gels were dried on Whatman 3MM paper and exposed to Kodak Royal X-Omat film for autoradiography.
RESULTS
Protein synthesis in cowpea protoplasts inoculated with separate components of CPMV
Bottom and middle components of CPMV were purified by zonal sucrose densitygradient centrifugation and the purity of the components was checked by local lesion assay on French bean cv. Pinto half leaves (Table I ). After two cycles of centrifugation, the middle component had very little residual infectivity. Similar preparations of bottom component were also only slightly infectious. Infectivity was fully restored by mixing the separate middle and bottom components of the virus. The residual infectivity of both component preparations could not be significantly reduced by further recentrifugation in sucrose density gradients while equilibrium density-gradient centrifugation in CsCI resulted in unacceptable loss of biological activity of the preparations. Problems in obtaining bottom component free of infectivity have also been reported by others (Van Kammen, 1968; De Jager, I978) .
When cowpea protoplasts were inoculated with separate CPMV components, hardly any infectivity was produced, as determined by local lesion assay of protoplast homogenates. Control levels of infectivity were obtained upon inoculation of protoplasts with the mixture of the two components (data not shown).
The low yield of virus produced with the separate component preparations was also evident from immunoprecipitation experiments with CPMV antiserum (Table i) : the radioactivity precipitable from the homogenates of 35S-methionine-labelled protoplasts inoculated with middle or bottom component hardly exceeded the background.
Protein synthesis in protoplasts inoculated with separate CPMV nucleoprotein components was studied as before (Rottier et al. I98O) , except that after radioactive labelling and homogenization, protoplasts were fractionated by centrifugation only into a 3oooo g pellet and a 3oooo g supernatant. Gel electrophoretic analyses of fractions thus obtained are shown in Fig. I . No virus-related proteins were detected in protoplasts upon inoculation with middle c o m p o n e n t alone, the electrophoretic patterns being identical with those of uninfected controls. In contrast, inoculation with bottom c o m p o n e n t alone gave rise to the synthesis of virus-related proteins also produced upon infection using a mixture of bottom a n d middle components, except for the proteins with mot. wt. of 37 × Io3, 24 × IO3 and 23 × Io 3, previously identified as the virus coat proteins. As far as can be judged from the autoradiograms, the proteins of I7O × IO 3, I I2 × IO 3, I IO x io 3, 84 × IO 3 and 30 x Io 3 mol. wt. appeared to be synthesized in quantities comparable with control protoplasts infected with both components. The I3O × Io a, 87 × Io ~ and 68 × lo 3 mol. wt. virus-related polypeptides (Rottier et al. I98o) were not resolved in these experiments.
Stability of the CPMV-related proteins
To examine the possible occurrence of precursor-product relations between the different virus-related proteins, pulse-chase-type experiments were performed. To obtain sufficient incorporation of radioactivity into the relevant proteins, labelling periods of 4 to 6 h were required since the uptake of amino acids by cowpea protoplasts appeared to be too slow to allow shorter pulses. For the same reason, incubation for several hours in the presence of unlabelled methionine was necessary to get a chase effect. Protoplasts harvested directly after the labelling period 0 9 to 25 h post-inoculation) and after the 19 h chase with a IO times excess of unlabelled methionine were fractionated and equal amounts of TCAprecipitable radioactivity were analysed by polyacrylamide slab gel electrophoresis (Fig. 2) . Almost all virus-related proteins were very stable, no appreciable turnover occurring during the long chase period. This was also the case with the 68 x io 3 tool. wt. protein present in the pellet residue fractions (not shown). An exception was the polypeptide with a mol. wt. of about 87 z lo z detectable in the soluble fraction, the intensity of which was much weaker after the chase. Since the corresponding protein in the sample of uninfected protoplasts showed the same behaviour, this 87 × lO 3 tool. wt. protein may be host-coded. Another exception was the polypeptide migrating with an apparent mol. wt. of 24 × Io a known to represent the small virus coat protein, but the decrease in the intensity of this band was not always discernible due to the presence of host proteins migrating with similar electrophoretic mobilities. Since previous experiments had indicated that this protein does not occur free in the cytoplasm of the protoplasts, but is present in virus particles, its fate was studied by analysis of these particles. After aSS-methionine labelling (2I to 26 h) and chasing 0 8 or 66 h), the CPMV components were separated by sucrose density-gradient centrifugation, disrupted in SDS and analysed by electrophoresis in a IO~ polyacrylamide slab gel. In samples taken immediately after labelling, the small coat protein appeared mainly as a polypeptide with an estimated tool. wt. of 23-6 x io 3 as shown for the middle component P. J. M. ROTTIER, G. REZELMAN AND A. Fig. 3 . Conversion of the smaller CPMV coat protein. CPMV-infected protoplasts were labelled with 35S-methionine from zI to z6 h after inoculation. The radioactive medium was then removed, protoplasts were washed once with 0.6 M-mannitol containing Io mM-CaClz and I mM-MgSO~ and further incubated in incubation medium containing unlabelled methionine 0o mM). Samples of the protoplasts were taken immediately after the labelling period and after an 18 or 66 h chase period. Protoplasts were homogenized and run on sucrose density gradients as described. The proteins present in the fractions containing the virus components were analysed by polyacrylamide gel electrophoresis in a Io~ gel as shown for CPMV M-component.
in Fig. 3 . This was observed irrespective of the time after inoculation at which the labelling was done. Usually a faint band at a position o f about 22.8 × io 8 mol. wt. was also visible, especially after longer exposure o f the protoplasts to the radioactivity. After an 18 h chase the intensity of the 23-6 x io 3 mol. wt. polypeptide decreased, and the 22.8 × IO 3 mol. wt. band often became more pronounced (Fig. 3) -After a 66 h chase a new protein species of about I9"4× Io 3 mol. wt. was found. This occurred with all three centrifugal CPMV components. The processing of the 23.6 × IO 3 mol. wt. protein into the smaller species was inhibited when, after the labelling period, protein synthesis w a s ' shut off' using cycloheximide (not shown). A protein band of variable intensity was often visible in the gel in the region between the large and small coat proteins. Its presence did not depend on the method o f preparation of the virus components since it was also observed when virus was isolated by immunoprecipitation. The nature of this protein which could be distinguished from the 3o × IO a mol. wt. virus-related polypeptide detectable in the supernatant fraction of CPMVinfected protoplasts is unclear, but it might be a degradation product of the large virus coat protein.
In C P M V preparations isolated from virus-infected cowpea leaves, the same set of coat prote,~n species could be detected. In addition, two more proteins were stained in gels run with virus preparations that had been isolated late in infection, especially when plants were grown at higher temperatures, e.g. 3o °C. The mol. wt. of these proteins were estimated to be 18 x IO 3 and I6"5 x lO 8.
These experiments indicate that the ~7o, I3o, 1 I2, I Io, 84, 37 and 3o (all x Io 3) mol. wt. virus-related proteins are stable products, that the 87 x IO 3 tool. wt. protein may be an unstable host-specific protein and that the small virus coat protein undergoes a number o f distinct cleavages occurring sequentially after assembly into the virus particles.
Attempts to demonstrate precursor polypeptides
To investigate further the possible occurrence of short-living precursor polypeptides, the effects of several compounds known in other systems to interfere with proteolytic cleavage were studied. They were applied 24 h after inoculation (i.e. I h before the 7 h labelling period of the protoplasts with 35S-methionine was started) at concentrations that significantly inhibit CPMV multiplication at any time of the infection cycle without affecting the integrity of the protoplasts. The polyacrylamide gel electrophoretic analysis of the proteins synthesized during this period is shown in Fig. 4 for the 3o000 g supernatant fractions and similar conclusions could be drawn from the analyses of the others. Treatment of protoplasts with the amino acid analogue p-fluorophenylalanine (PFP) (~ mM) markedly changed the pattern of proteins synthesized compared with control samples, but the resulting patterns of CPMV-infected and uninfected protoplasts were indistinguishable: neither the known virus-related proteins nor any possible virus-specific precursor proteins appeared. The almost complete reduction in virus yield caused by the analogue might well be linked to its effect on protein synthesis, since the incorporation of zSS-methionine was reduced by about 80 ~o-Similar results were obtained with the protease inhibitor TPCK (5o pM). In contrast, TLCK (I mM) scarcely affected protein synthesis in the protoplasts. In the presence of this protease inhibitor, the production of almost all virus polypeptides was normal except for the species with mol. wt. of I3o× Ioa, which was absent, and 84 × I@ which was considerably inhibited. These specific effects, which were not accompanied by the simultaneous accumulation of any possible precursor(s) for these proteins, presumably play a role in the approx. 75 ~ decrease in CPMV production caused by this drug. That TLCK expressed its protease-directed property was shown by the observation that the processing of the small virus coat protein from 2 4 x Io 3 to 2 3 x io a rnol. wt. was clearly reduced by the drug. No significant effect on protein synthesis was observed upon incubation of CPMV-infected protoplasts in the presence of 2-deoxy-D-glucose, an inhibitor of animal virus glycoprotein processing (data not shown). All virus-related proteins were synthesized including the I3o x io 3 and 84 × io 3 tool. wt. polypeptides although the yield of CPMV was reduced by about 8o ~.
Polyacrylamide gel electrophoretie analysis of CPM V-specific RNA synthesis
To investigate the possible occurrence of subgenomic virus messengers such as have been found with some animal and plant RNA viruses, protoplasts were labelled with 3~PO4 at different time intervals in the infection cycle. RNA was isolated and analysed by electrophoresis in 2.7~ polyacrylamide slab gels (Fig. 5 )-On labelling from zz to 25 h after inoculation, the two full-length CPMV RNAs clearly appeared. No other differences were found between the electrophoretic patterns of healthy and CPMV-infected samples. Fractionation of the RNA by oligo(dT)-cellulose chromatography into a poly(A)-containing and a poly(A)-deficient fraction, led to the same conclusion.
DISCUSSION
The results show that inoculation of protoplasts with purified bottom component results in the production of a number of virus-related proteins, whereas inoculation with middle component does not produce any newly induced proteins. This difference between bottom and middle component can be explained by assuming that bottom component specifies the virus (part of the) replicase. On infection of protoplasts with bottom component, B-RNA is replicated to give enough B-RNA for detectable translation. In contrast, M-RNA does not multiply in the absence of bottom component and translation of M-RNA in protoplasts infected with M component alone remains undetectable. This hypothesis has recently been further tested (Goldbach et al. 198o) .
Inoculation of cowpea protoplasts with separate bottom component produced 17o x Io s, 3o× I0 3, II2 × IO 3, I IO× IO 3 and 84 x lO 3 mol. wt. polypeptides but not the virus coat proteins. This negative evidence suggests that the virus coat proteins are encoded on M-RNA. The presence of the information for (one of) the capsid proteins in M-RNA was also implicated by genetic work with CPMV (Wood, 1972; Gopo & Frist, 1977; Thongmeearkom & Goodman, 1978) and other members of the comovirus group (Moore & Scott, I97I; Kassanis et al. I973) . The occurrence of the 17o x IO ~ and 30 x lO ~ tool. wt. proteins in bottom component-infected protoplasts confirms the suggestion made in the previous paper (Rottier et al. 198o ) that these proteins may be encoded on B-RNA.
The finding that more proteins were induced in protoplasts after inoculation with CPMV as well as with separate bottom component than can theoretically be specified by the infecting RNAs, stimulated the search for precursor-product relations. In vitro processing has recently been shown by Pelham (I979) who found that the primary translation product from B-RNA is a 200 × to 3 mol. wt. protein, which is cleaved into I7O x lO 3 and 3o × to 3 tool. wt. polypeptides. Such processing may also occur in vivo. Of the proteins found in bottom component-infected protoplasts, the t tox lO 3 and 84× ~o a tool. wt. polypeptides have previously been shown to be virus-coded on the basis of their appearance under conditions of actinomycin D inhibition of CPMV multiplication (Rottier et al. I979) . These two proteins now appear to be coded by B-RNA. They have, however, not been found upon translation of B-RNA in vitro. Apparently, the synthesis of virus-specific proteins in vivo is more complicated than demonstrated by the in vitro experiments. Pelham 0979) also found that the products translated from M-RNA in the rabbit reticulocyte lysate were specifically cleaved by B-RNA in vitro translation products. None of these M-RNA translation products was found in vivo. Accumulation of precursor polyproteins was not observed when CPMV-infected cowpea protoplasts were incubated in the presence of amino acid analogues or protease inhibitors that were selected for their ability to block CPMV multiplication. Similarly, no precursor-product relations could be demonstrated by the type of pulse-chase experiments performed except for the different forms of the small virus coat protein. This CPMV protein, once assembled into virus particles, appeared to be subject to several successive proteolytic cleavages, a process which might relate to the occurrence of electrophoretic heterogeneity of the CPMV particles (Semancik, 1966; Niblett & Semancik, I969; Geelen et al. I972, 1973) . With one exception, all other virus-related proteins were found to be stable end-products. Only the 87 x lO 3 tool. wt. polypeptide appeared to be turned over; since the corresponding protein present in uninfected protoplasts was similarly affected, this polypeptide is considered to be host-coded. The nature of these experiments does not allow firm conclusions as to the possible involvement of proteins with mol. wt. of I3oxlo 3, I~2× IO 3, I~O× 10 3, 84x~o z and 68XLO 3 (Rottier et al. 198o ) in precursorproduct relations, since fast processing events, for instance, may have escaped detection. Of these proteins, the I Io x ~o 3 and 84 × Io 3 tool. wt. species appear to be encoded on bottom component as discussed above. The genetic origin of the I3o x IO 3, I I2 × 103 and 68 x IO a mol. wt. polypeptides thus remains obscure.
Another mechanism for the expression of the virus genome that has been observed with many plant viruses involves the generation of virus-specific subgenomic messengers during the infection process. However, no subgenomic messenger RNAs were found for CPMV. This result confirms those of Stuik (2979) , who also could not find evidence for the existence of messengers smaller than genome size by sucrose density-gradient fractionation of RNA from CPMV-infected cowpea leaves and subsequent in vitro translation of the RNAs from
